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Abstract 15 
 16 
This work assesses the reuse of waste expanded polystyrene (EPS) to obtain lightweight 17 
cement mortars. The factors and interactions which affect the properties of these mortars were 18 
studied by ad-hoc designs based on the d-optimal criterion. This method allow multiple factors 19 
to be modified simultaneously, which reduces the number of experiments compared with 20 
classical design. Four factors were studied at several levels: EPS type (two levels), EPS content 21 
(two levels), admixtures mix (three levels) and cement type (three levels). Two types of 22 
aggregate were also studied. The workability, air content, compressive strength, adhesive 23 
strength, bulk density and capillary absorption were experimentally tested. The effect of factors 24 
and interactions on the properties was modelled and analysed. The results demonstrate how 25 
the factors and synergistic interactions can be manipulated to manufacture lightweight mortars 26 
which satisfy the relevant EU standards. These mortars contain up to 60% of waste EPS, low 27 
amounts of admixtures and low clinker content CEM III. Sustainable mortars containing silica 28 
sand gave flow table spread values between 168 and 180 ± 4 mm, bulk density between 1280 29 
and 1110 ± 100 kg/m3, and C90 between 0.279 and 0.025 ± 0.07 kg/m
2·min0.5, making them 30 
suitable for masonry, plastering and rendering applications. 31 
                                                            
1 ‘Main address’: Architectural Construction Department , University of Alicante, Carretera de San Vicente del Raspeig 
s/n, 03690 San Vicente del Raspeig, Alicante (Spain) 
‘Present address’: Department of Civil and Environmental Engineering, Imperial College London, South Kensington 
Campus, London SW7 2AZ, United Kingdom  
* Corresponding author. Tel.: +44 207 594 6018 
   E-mail address: v.ferrandiz12@imperial.ac.uk (V.Ferrandiz-Mas) 
 
*Manuscript
Click here to view linked References
Keywords: lightweight mortar; recycling; expanded polystyrene; fitted design; statistical 32 
methods 33 
1. Introduction 34 
Expanded polystyrene (EPS) is a low-density, inert, hydrocarbon thermoplastic that is stable in 35 
the presence of most chemicals with the exception of concentrated acids, organic solvents and 36 
saturated aliphatic compounds [1]. It is commonly used in a variety of applications because of 37 
its low density, high thermal insulation, moisture resistance, durability, acoustic absorption and 38 
low thermal conductivity [2]. The amount of waste EPS is increasing due to increasing use in 39 
thermal and acoustic insulation, packaging, and reusing and storing food. Therefore, over 30 40 
countries have signed an international agreement to maximize reuse and recycling of EPS [3]. 41 
EPS has been recently used as foam core in lightweight structural insulated panels used to 42 
protect from the impact of windborne debris [2, 4] or to design thermally insulating composites 43 
made with foamed cement pastes [5]. There are also several studies which use EPS as a 44 
lightweight aggregate in concrete. In particular, the mechanical properties of such concretes 45 
have been characterised and the impact of using EPS with different grain sizes, organic 46 
admixtures and other additions such as fly ash and silica fume evaluated [6-8]. Other studies 47 
have characterised the mechanical and thermal properties of concrete containing EPS [9, 10]. 48 
However, only a limited amount of research has investigated commercial EPS [11] or various 49 
types of waste EPS in cement mortars [12-15]. The properties of lightweight cement mortars 50 
containing EPS, where Portland cement (CEM I) was replaced by cements with lower clinker 51 
(CEM II and CEM III), has recently been reported [16]. Due to the high volume of waste EPS it 52 
is important to develop new beneficial reuse applications for this material.  53 
The aim of this research was to assess the reuse of waste EPS to obtain sustainable lightweight 54 
mortars with durable properties that can be used for masonry, rendering and plastering 55 
applications. Ad-hoc or fitted experimental design was used in this study to analyse the impact 56 
of design factors and interactions on the studied properties. The type of waste EPS, EPS 57 
content, cement type and the mix of admixtures were the chosen factors, while two aggregate 58 
types were also studied. These factors and their interactions determine the final properties of 59 
these mortars. The workability, air content, compressive strength, adhesive strength, bulk 60 
density and capillary absorption were determined. 61 
With classical experimental design it is possible to know the effect of a factor on the studied 62 
property by varying one factor and monitoring the relevant property. Nonetheless, variation in 63 
the property is in reality related to a combined process involving multiple factors, rather than a 64 
single factor. Ad-hoc design allow multiple factors to be modified simultaneously, which reduces 65 
the number of experiments compared with classical experimental design. Moreover, it allows 66 
both the simultaneous effect of individual factors and synergic effects, resulting from 67 
interactions between factors, to be evaluated. The final result on the property is a combination 68 
of the two aforementioned effects. They need to be evaluated together and the interactions 69 
cannot be ignored, unless they are not significant for the studied property. These two effects 70 
can be positive, increasing the studied property, or negative, decreasing it. Understanding these 71 
effects allows manipulation of the levels of the studied factors to manufacture sustainable 72 
lightweight mortars with durable properties. While there is limited research using statistical 73 
designs to produce mortars or concrete containing waste materials, such as: full factorial 74 
designs [10], standard orthogonal arrays [17] or mixture experimental designs [18], as far as the 75 
authors are aware no studies have used fitted factorial designs to assess the impact of four 76 
factors and the synergic effect of the interactions on the final properties of lightweight cement 77 
mortars. 78 
The results demonstrate how the factors and synergistic interactions can be manipulated to 79 
manufacture sustainable lightweight mortars, which contain up to 60% of waste EPS, low 80 
amounts of admixtures and low clinker content CEM III, that are suitable for masonry, plastering 81 
and rendering applications. 82 
 83 
2. Materials and methods  84 
2.1 Materials 85 
Three types of cement were used: Portland cement type CEM I 52.5R, Portland cement 86 
containing slag type CEM II/A-S 42.5N and cement type III containing ground granulated blast-87 
furnace slag (GGBS), CEM III/A 42.5N (Holcim Morteros S.A). The chemical composition of the 88 
three types of cement, showing major components as oxides determined by x-ray fluorescence 89 
(XRF) are shown in Table 1. Two types of aggregate with different grain size and mineralogy 90 
were used: standard silica sand with bulk density of 1.77 g/cm3, complying with EU standard 91 
EN 196-1:2005 [19] and crushed limestone sand from Foncalent quarry (Alicante, Spain) with a 92 
bulk density of 1.85 g/cm3. Figure 1 shows the grain size distribution for both types of sand, 93 
measured according to EN 1015-1 [20].The main difference between both types of sand is the 94 
amount of fine particles, which determine the water demand of the mortar. 95 
Ground and powdered EPS were supplied by “Asociación Nacional del Poliestireno Expandido” 96 
(ANAPE, Madrid, Spain) [1]. The differences between the two types of EPS were mainly related 97 
to particle size. Both types were obtained by mechanical grinding and sieving recycled EPS. 98 
100% of the ground EPS (EPS gr) particles passed through a 1 mm sieve and the bulk density 99 
was 0.013 g/cm3. Powdered EPS particles (EPS pw) passed through a 0.5 mm sieve and had a 100 
slightly higher bulk density of 0.022 g/cm3. An air-entraining agent (A, BASF Rheomix 934), a 101 
water retaining admixture (R, Hydroxypropyl methylcellulose TER CELL HPMC 15 MS PF), a 102 
superplasticizer (S, BASF Rheomix GT 205 MA) and a dispersible polymer (V, VINNAPAS 5028 103 
E) were also used to make mortar samples.  104 
2.2 Preparation of mortars 105 
All mortars were prepared using distilled water and a binder/sand weight ratio of 1:3, following 106 
the procedures described in EN 196-1 [19]. Due to the different fines content of the aggregates, 107 
and in order to get suitable workability, the water/binder ratio was 0.5 for mortars made with 108 
standard silica sand, and 0.6 for mortars made with crushed limestone sand. The EPS was 109 
dosed as an addition to the total mortar volume, expressed as the apparent volume of sand 110 
(v/v%). Admixtures were added to mortars as a percentage of the weight of cement (w/w%). 111 
2.3 Experimental design methodology: Ad-hoc designs. D-optimal criterion 112 
Factor selection was based on previous work [12, 13, 16]. Selected factors were: EPS addition 113 
content and type of EPS (to study the influence of particle sizes and shape), cement type and 114 
the admixture mix (Table 2). Sand type was not included as a factor, although its influence was 115 
investigated. This was for practical reasons, because the type of sand available to manufacture 116 
cement mortars varies geographically. Two levels were set for factor A, type of EPS: ground 117 
EPS (EPS gr) and powdered EPS (EPS pw) (Figure 2). The factor D, cement type, was set at 118 
three levels: CEM I 52.5R, CEM II/A-S 42.5N and CEM III/A 42.5N. The flow table method [21] 119 
was used to determine the levels of factors B and C, EPS content and admixtures mix, 120 
respectively. The EPS content and admixtures were chosen to obtain a suitable workability for 121 
masonry mortars. According to the EU standards [22] the flow table spread should be between 122 
165 mm and 185 mm for these types of mortars. This configuration of factors and levels is the 123 
experimental domain, D, at which the four factors will vary. It is important to highlight that D is a 124 
discrete set formed by isolated points. That is, it is not a hyper rectangle in the four dimensional 125 
space, since not all the prior points belong to it. For instance, a point with an intermediate value 126 
between CEM I and CEM II is not part of D. This is comparable for all the factors.  127 
To identify curvatures in the response as an effect of changing the level of a given factor, it is 128 
necessary that the factor for which a non-linear response is expected has at least three levels. 129 
In this way, the possible existence of interactions between factors is analysed. As a 130 
consequence the equation which describes the fitted design proposed to relate the experimental 131 
response, “y”, with the 4 factors is the so called presence-absence model, which is described by 132 
the Equation 1: 133 
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where xij (i = A, ..., D indicates the factor and  j=1,.., 2 or 3 indicates the level) are binary 135 
variables equal to 1 when the i-th factor is at the j-th level, and 0 in any other case. 	is the 136 
intercept and the 56 	are the coefficients of the model; ε is a random variable which follows a 137 
normal distribution with zero mean and constant standard deviation σ. The first eleven terms 138 
describe the main effects, for instance:  is the effect caused by setting the factor B at the 139 
level 2 (50% EPS content). The following 45 terms describe the effect of the interactions. For 140 
example, 	
 is the combined effect of set the mix of admixtures in 0.4A/0.1R/0.5S/6V and 141 
use CEM III. Further details about the procedure used can be found in the literature [23]. 142 
Once the levels for each factor have been decided, the D-optimal experimental design or fitted 143 
design [24] obtained using NemrodW [25] is transformed into the experimental work plan in 144 
Table 3, which shows the composition of the 36 mortars made to test each of the properties. 145 
This design allows very accurate estimation of the effects, since the variance inflation factors 146 
obtained were lower than 2.1.  147 
Since the type of sand was not included as a factor in the experimental design, the experimental 148 
plan is the same independently of the type of sand used to manufacture the mortar. In this way, 149 
the 36 mortars given for the experimental work plan (Table 3) were made for each type of 150 
aggregate (silica sand and crushed limestone sand) to assess the influence of the type of 151 
aggregate on the properties of cement mortars containing waste EPS. Therefore, the design of 152 
the mortar can be optimised depending of the mineralogy of the available sand. 153 
To help the reader with the interpretation of the results, six control mortars were made for each 154 
type of cement and sand, without EPS and admixtures. These data are included at the 155 
beginning of each subsection in Section 3, Results and Discussion.  156 
2.4 Mortar characterisation  157 
2.4.1 Workability and air content 158 
The flow table method [21] was used to test the workability of the mortars and to determine the 159 
amount of waste EPS and admixtures to add to the mortars. This test is a measure of the fluidity 160 
and moisture content in the fresh mortar. The content of EPS and admixtures were chosen to 161 
achieve a suitable workability to use for masonry and rendering applications [22]. That is a flow 162 
table spread of 175 ± 10 mm for mortars with a bulk density above 1200 Kg/cm3, and 160 ± 10 163 
mm for mortars with bulk density between 600 and 1200 Kg/cm3. The air content in fresh 164 
mortars was tested according to EN 1015-7:1999 [26]. This property is related to the mortar 165 
workability and the capacity of the cement paste for give cohesion to the composite. 166 
2.4.2 Compressive strength, bulk density and adhesive strength 167 
Three 4x4x16 cm specimens for each mix given in the experimental work plan were produced to 168 
test compressive strength. The samples were cured under water for 28 days at 20 ± 2°C 169 
temperature and then tested using an hydraulic press (OMADISA 34.120.31) following the 170 
standard EN 196-1: 2005 [19]. Each compressive strength value was obtained from the average 171 
value of six tests. Dry bulk density of hardened mortars was determined according to EN 1015-172 
10:2000 [27] using three resulting portions from the mechanical test for each mortar.  173 
Adhesive strength of hardened mortar was tested following the standard EN 1015-12 [28] to 174 
measure of the proper functioning of the in-service mortar. To do the test, samples were made 175 
using a ceramic substrate with dimensions of 70x23x3 cm and water absorption coefficient of 176 
0.672±0.033 kg/m2·min where a 10 ± 1 mm layer of mortar was applied. A sample was made for 177 
each mortar as in the working plan of Table 3. Five adhesive strength values were obtained 178 
from each sample after 28 days curing at the conditions specified in EN 1015-12 [28] and using 179 
an adhesive strength tester (KN-10 Neurtek). 180 
2.4.3 Capillary water absorption 181 
Capillary water absorption of mortars was determined according to EN 1015-18:2003 [29]. 182 
Three specimens of 4x4x16 cm were made for each of the mortars shown in Table 3. The 183 
specimens were kept in moulds for 2 days and subsequently cured underwater for 5 days. After 184 
curing, specimens were cut in half, and dried in an oven at a temperature of 65 ± 2 ºC. After 185 
drying, the lateral sides of each specimen were sealed with an Epoxy waterproof paint 186 
(Acrilastic PX-03) to restrict water flow along the longitudinal axis. The water flux through the 187 
specimen was measured by partial immersion of the samples at a depth of 5 mm. The gain in 188 
water mass was measured by weighing the samples after 10 and 90 minutes of submersion. 189 
The capillary absorption coefficient, C90, was estimated from the slope following the equation 190 
W= a + C·t1/2, where W (kg/m2) is the capillary absorption, a (kg/m2) is the initial absorption, C 191 
(kg/m2 min0.5) is the capillary absorption coefficient and t (min) is the absorption time, using the 192 
equation: C90 = 0,1(M2 - M1), where M1 is the weight of the specimen after 10 min of testing, 193 
and M2 is the weight of specimen after 90 min of testing according to EN 1015-18:2003 [29]. 194 
2.4.4 Scanning electron microscopy (SEM) 195 
The microstructure of selected samples was studied by examining fracture surfaces using 196 
scanning electronic microscopy (SEM, Hitachi S-3000N with BRUKER X-Flash 3001 detector). 197 
This method allows to visualise the differences between the two types of EPS used in this 198 
research. Figure 2a shows some EPS pw particles completely incorporated in a cement mortar 199 
sample, while Figure 2b shows the same for EPS gr particles. In Figure 2a it is possible to see 200 
how EPS pw particles have lost the typical honeycomb structure, characteristic of commercial 201 
EPS pearls, probably due to the grinding process. These EPS pw particles were covered by 202 
cement paste, and it is very difficult to distinguish the interface between this EPS and the 203 
cement paste. However, in Figure 2b, EPS gr particles are very easy to identify, as well as the 204 
cement paste-EPS interface. EPS gr particles maintain the characteristic honeycomb structure, 205 
because the grinding process is less intensive in this case.  206 
3. Results and discussion 207 
3.1 Individual factors and interactions 208 
Table 4 shows that the chosen fitted design was significant, with p-values < 0.05 for all the 209 
properties, apart from the adhesive strength. Nonetheless, the model was used to make 210 
predictions of the adhesive strength of mortars made with silica sand, because it was significant 211 
to a 0.10 level, which is an acceptable level of significance for engineering applications. 212 
Nevertheless, the proposed model does not describe the experimental data for mortars made 213 
with crashed limestone sand. In this case, the model was not significant, since the p-value was 214 
0.48. 215 
Regarding the coefficient of determination R2, Table 4 shows that the fitted design explains 216 
96.8% of the workability data, 92.5% of the air content, 94.4% of the compressive strength, 217 
84.4% of the adhesive strength, 93.2% of the bulk density and 92.8% of capillary water 218 
absorption data, for mortars made with silica sand. For mortars made with crushed limestone 219 
sand, the model explains 98.8% of the workability data, 95.5% of air content, 90.8% of 220 
compressive strength, 96.3% of bulk density, 95.2% of capillary absorption and 72.9% of the 221 
adhesive strength data. The last value highlights that the model is not suitable for explaining the 222 
adhesive strength of mortars made with waste EPS and crushed limestone sand.  223 
Concerning the residual standard deviation Syx, no significant differences were detected when 224 
the type of sand was changed, except for the air content and the capillary absorption (Table 4). 225 
In these cases, Syx for mortars made with crushed limestone sand was lower than for mortars 226 
made with silica sand. This could be due to the higher amount of water in mortars made with 227 
crushed limestone sand, which produces more homogeneous mortars with less variation in 228 
properties. It is worth noting that, since the model is not valid for adhesive strength, it is not valid 229 
for making predictions about Syx for this property.  230 
Once the suitability of the proposed fitted design has been proved, the next step is to analyse 231 
the effect of changing the levels of the factors, as well as their interactions, for the mortar 232 
properties, using the presence-absence model (Equation 1). If all the binary variables are zero 233 
all the effects of the factors are absent, and then the model adopts the value b0, which is the 234 
estimation of . Hence, the value for the studied property is obtained, regarding which the 235 
effect of set each factor to a given level is assessed. It should be remembered that once the 236 
value of the binary variables is fixed, for example xA1 =1 and xB2 =1, that is to use powdered 237 
EPS at 50% content, then the value of the interactions between both factors is also fixed. For 238 
example, xA1 xB2 =1, but xA2 xB2 =0 and so on. Since the estimation of Syx is known, together with 239 
the estimated values of the coefficients of the model (bA1, bA2, bB1, bB2, bB3, …, bC3D3), then their 240 
significance is known, that is, if each coefficient is different to zero at a level of significance of 241 
0.05. The latest make possible to know the factors, levels and their interactions, which due to be 242 
different to zero have a significant influence in the studied property.  243 
Figures 3 to 5 show the graphical analysis of the effect of changing the levels of the factors on 244 
the different studied responses. For each response or property, the coefficients of the fitted 245 
design are shown beside a bar, with the sign (positive or negative). The positive coefficients 246 
make the value of the property higher when the factor or interaction is at the corresponding 247 
level, while the negative coefficients reduce the value of the property. Each coefficient is 248 
identified by the corresponding subscript in the Equation 1: A1, A2, B1, B2, B3, C1, C2, C3, D1, 249 
D2 and D3 for the factors, and A1-B1, A1-B2,…., C3-D3 for the interactions. In order to 250 
distinguish between the coefficients which are significantly different to zero and the coefficients 251 
that can be consider null and therefore without effect in the property, two vertical broken lines 252 
are added to the graphs. These vertical lines mark the limits of the critical region of the 253 
significance test to a level of 0.05 (H0: the coefficient is zero, versus Ha: the coefficient is 254 
different to zero). Each coefficient has a different standard deviation. The bar which represents 255 
each coefficient is a standardised value, which is the coefficient divided by the standard 256 
deviation. As a result, the length of the bars is not the value of the coefficient, but is proportional 257 
to them. For instance, in Figure 3a the coefficient A1 is -7.5 (significant) and the coefficient D1 258 
is -11.0 (also significant), although the bars that indicate that they are significantly different to 259 
zero are almost of the same length. This tool allows visual establishment of the 56 coefficients 260 
of each model which are significant as well as the sign of each effect. Hence, it is possible to 261 
predict which levels should be chosen for each factor, depending on the effect to be achieved in 262 
a specific property, allowing the design of bespoke lightweight mortars.  263 
3.2 Workability and air content 264 
The significant factors for the workability of mortars containing EPS made with silica sand were: 265 
A1, A2, B1, B3, C1, C3, D1, D2 and D3 (Figure 3a). Thus, all the studied factors had a 266 
significant influence on the workability, although factors at levels B2 and C2 were not significant. 267 
It is also evident that the workability was reduced when powdered EPS was used (A1), when 268 
the EPS content increased (B3), using the mix with the lowest amount of admixtures (C3) and 269 
the cement with the highest amount of clinker (D1). The significant interactions were: B2-C2, 270 
B2-C3, C2-D3, C3-D2 and C3-D3. The B-C interactions show that there is a relationship 271 
between the EPS content and the mix of admixtures used. In this case, when a 50% EPS (B2) 272 
was used, it would not be the same to use a 0.4/0.1/0.5/6 mix of admixtures (C2) than a 273 
0.3/0.1/0.4/6 (C3) mix, since they have an opposite effect on the workability. This justifies the 274 
use of admixtures to guarantee a suitable workability for these mortars. The same happens 275 
between the mix of admixtures and the type of cement used (interactions C-D). For the mix of 276 
admixtures with the lowest content of air-entraining agent, C3 (0.3A/0.1R/0.4S/6V), a contrary 277 
effect on workability was observed depending on whether CEM II (D2) or CEM III (D3) was 278 
used. For CEM II, the workability increases by 4 mm relative to the average value, as the 279 
coefficient for the interaction C3-C2 shows (Figure 3a). Conversely, if CEM III is used, the 280 
workability decreases by 5 mm (C3-D3), since this interaction has a negative value. The A 281 
factor (type of EPS) does not have significant interactions with any of the other factors (B, C or 282 
D). That implies that the effect on the workability of the type of EPS is independent of the EPS 283 
content (B), the mix of admixtures (C) and the type of cement (D). 284 
From the information in Figure 3a, it is possible to choose the levels of each factor to achieve 285 
the desirable workability for masonry, rendering and plaster mortars of 175 ± 10 mm [30, 31]. 286 
The flow table spread values for control mortars made with silica sand were 190 ± 1 mm, 207 ± 287 
1 mm and 201 ± 2 mm for CEM I, CEM II and CEM III respectively. Therefore, of these three 288 
control mortars are suitable for these applications. Control mortars values can be used by the 289 
reader as a guide to understand better the effect of changing the level of the different factors in 290 
the mortars. For example, if the objective is to increase the workability of the mortars with silica 291 
sand, where the fitted b0 value was 182 mm, the levels with the highest positive significant 292 
coefficient should be chosen when the significant factors are considered (that is: A2, B1, C1 and 293 
D3). Subsequently, it should be checked if any of the significant interactions involve the chosen 294 
levels. This is not the case, as Figure 3a shows, so there is no conflict between the levels that 295 
maximise the significant factors and those which maximise the interactions. As a result, the 296 
values xA2 = xB1 = xC1 = xD3 = 1 are assigned to the binary variables of the model of the Equation 297 
1, with the remaining values set to zero. Hence, the non-zero terms correspond with these 298 
binary variables and their products, which are associated with the interactions: A2-B1, A2-C1, 299 
A2-D3, B1-C1, B1-D3 and C1-D3. Taking this into account, the Equation 1 turns into Equation 300 
2: 301 
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For the aforementioned conditions, a flow table spread value of 204 ± 4 mm is obtained. That is, 305 
the highest workability can be achieved using EPS gr (A2), 40% content of EPS (B1), 306 
admixtures mix of 0.8A/0.1R/0.8S/6V (C1) and CEM III (D3). However, if this combination of 307 
materials is used, the obtained mortar would be too fluid to achieve the desirable workability for 308 
masonry, rendering and plaster mortars of 175 ± 10 mm [22]. Therefore, as the independent 309 
term of the fitted design (b0) is 182 mm, within the acceptable range for this property, a 310 
combination of factor levels that generate a less fluid mortar is required.  311 
This can be achieved in several ways. First, it is possible to use the same EPS content, but 312 
change the EPS type from ground to powdered EPS. This entails working with the factors A1, 313 
B1, C1 and D3. In this way, an increased flow table spread of 189 ±4 mm is achieved. 314 
Consequently, the resultant mortar is less fluid and closer to the required workability value. The 315 
influence of the geometry and particle size of the waste EPS on the workability of the mortars 316 
made with silica sand is clearly demonstrated, because the use of EPS pw reduces workability 317 
by 10.8% compared to the EPS gr.  318 
Other modifications are required to achieve mortars which comply with the standards [22]. Using 319 
EPS pw (A1), 60% of EPS (B3), the mix of admixtures 0.4A/0.1R/0.5S/6V (C2) and CEM II (D2) 320 
the model predicts a value for the flow table spread of 173 mm, as this combination of factors 321 
reduces the workability by 9 mm. Therefore, it is possible to increase the EPS content and 322 
decrease the amount of admixtures, by using cement with an intermediate amount of clinker. 323 
Another way to produce the required workability is to use EPS pw (A1), 60% of EPS (B3) and 324 
the 0.3A/0.1R/0.4S/6V mix of admixtures (C3) and CEM III (D3). This would reduce the 325 
workability by 14 mm, giving a final value of 168 ± 4 mm. The advantage of this option is that a 326 
workable mortar is achieved using the highest amount of EPS, the lowest amount of admixtures 327 
and the cement with the lowest amount of clinker, thus giving a more sustainable mortar. 328 
The significant factors for the workability of EPS mortars made with crushed limestone sand 329 
(Figure 3b) were: A1, A2, B1, B3, C1, C3, D1 and D3, i.e. all except B2, C2 and D2. Therefore, 330 
while the change in the type of sand does not change the factors which influence workability, 331 
three individual factors at three levels (B2, C2 and D2) had no impact for mortars made with 332 
crushed limestone sand. The workability is reduced using EPS pw (A1), increasing the amount 333 
of EPS (B3), using the mix with the lowest amount of admixtures (C3) and with the cement with 334 
the highest amount of clinker (D1). The A-C interactions (type of EPS with mix of admixtures), 335 
B-C (EPS content with mix of admixtures) and B-D (EPS content with type of cement) are not 336 
significant. However, the A-B interactions (type of EPS with EPS content), A-D (type of EPS 337 
with cement type) and C-D (mix of admixtures with cement type) are significant.  338 
For mortars made with crushed limestone sand the flow table spread values for control mortars 339 
were 195 ± 1 mm, 205 ± 1 mm and 200 ± 3 mm for CEM I, CEM II and CEM III respectively. 340 
These are all above the recommended value of 175 ± 10 mm [22]. When limestone sand was 341 
used, the model assigned a b0 value of 202 mm for mortars with EPS. This means the mortar is 342 
too fluid, due to the use of a 0.6 water/binder ratio for mortars with crushed limestone sand. This 343 
choice was based on previous work [16], which demonstrated that mortars made with crushed 344 
limestone sand need a higher amount of water to give a suitable workability, due to the high 345 
fines content of this sand (Figure 1). That is the case for mortars with no admixtures and no 346 
EPS. However, the present study shows that the use of admixtures and cements with lower 347 
clinker content, can achieve a suitable workability for masonry, plastering and rendering mortars 348 
without increasing the water content. Most of the mortars made with limestone sand were fluid, 349 
and therefore it is important to reduce workability to an acceptable value. To maximise the 350 
reduction in the workability, A1, B3, C3 and D1 should be chosen. Using EPS pw, the highest 351 
EPS content, the lowest amount of admixtures and cement with higher clinker content will cause 352 
a reduction of 22.6% relative to b0. The flow table spread value decreases by 46 mm, to a 353 
predicted value of 156 mm. However, this equates to a dry and non-workable mortar.  354 
An acceptable flow table spread value of 185 mm is obtained when A1, B3, C3 and D2 are 355 
chosen. This produces a reduction of 8 % in relation to b0. Similarly, if A1, B3, C3 y D3 are 356 
chosen, the fitted design gives a value of 180 mm, a reduction of 11% relative to b0. This 357 
illustrates the importance of studying all interactions. If interactions were not studied, D3 would 358 
not be a suitable choice, because it increases the workability. However, when the interactions 359 
between the factors are considered, especially A1-D3 and B3-D3 interactions, it is possible to 360 
achieve a reduction in workability. This option leads to a sustainable mortar with a suitable 361 
workability (180 ± 4 mm), the highest amount of waste EPS, the lowest amount of admixtures 362 
and the cement with the lowest content of clinker (EPS pw, 60% EPS, 0.3A/0.1R/0.4S/6V and 363 
CEM III).  364 
Air content is linked with workability and compressive strength, and allows an assessment of 365 
whether the mortar is homogeneous. A high air content is associated with high workability and 366 
low compressive strength. The standards do not specify a value for the air content, but in 367 
practice, a value between 20-30% is accepted for manufacturers for commercial masonry, 368 
plastering and rendering mortars. Previous work has demonstrated that the presence of EPS 369 
increases the air content in mortars [16].  370 
Figure 3c shows the impact of air content on mortars made with silica sand. The air content for 371 
control mortars made with silica sand were 7.0 %, 5.5 % and 5.0 % for CEM I, CEM II and CEM 372 
III, respectively. All of them are too low to satisfy the recommended range of 20-30%. The fitted 373 
b0 value was 31 %. The coefficients C1, C3, D1 and D2, as well as interactions A1-C1 and A2-374 
C1 were significant in this case. To increase the air content, A1, C1 and D2 should be chosen. 375 
Thus, the highest values for air content could be obtained using the factors: A1, B1, C1 and D2 376 
(EPS pw, 40% EPS, 0.8A/0.1R/0.8S/6P and CEM II). In this case, the fitted value is 41 ± 2%, 377 
which equates to an increase b0 value by 29 %. Conversely, if the objective is reduce the air 378 
content, then A2, B3, C3 and D1 should be chosen. That means EPS gr, 60% EPS, 379 
0.3A/0.1R/0.4S/6P mix of admixtures and CEM I, which gives 25 % ± 2% air content or 19 % 380 
reduction compared with b0. To manufacture the most sustainable mortar, factors A1, B3, C3 381 
and D3 (EPS pw, 60% EPS, 0.3A/0.1R/0.4S/6V mix of admixtures and CEM III) or A2, B3, C3 382 
and D3 (EPS gr, 60% EPS content, 0.3A/0.1R/0.4S/6V, and CEM III) should be selected. These 383 
options give an air content of 27 ± 2% and 29 ± 2% respectively. That proves there is no 384 
significant difference between the EPS type in terms of the air content (Figure 3c). The 385 
influence of the type of admixtures is highlighted using the following combinations of factors and 386 
levels: A1, B3, C1 and D3 (EPS pw, 60% EPS content, 0.8A/0.1R/0.8S/6V and CEM III) as well 387 
as A1, B3, C3 and D3 (EPS pw, 60% EPS, 0.3A/0.1R/0.4S/6V and CEM III) where the fitted 388 
model air content is 35 ± 2% and 27 ± 2% respectively. These values are significantly different 389 
and consistent with the amount of air entraining agent in the mix. It should be noted that the 390 
levels of the factor D (type of cement) is dramatically different for CEM I (coefficient= -3.4) to 391 
CEM II (+3.8) and CEM III (-0.4). This would not be apparent without considering three levels for 392 
this factor. 393 
The air content of control mortars made with crushed limestone sand were 3.8 %, 2.8% and 394 
4.0% for CEM I, CEM II and CEM III, respectively. As for the control mortars made with silica 395 
sand, these values are not enough to satisfy the recommended values for masonry, rendering 396 
and plastering applications, of 20-30%. When mortars were made with crushed limestone sand 397 
(Figure 3d) the significant factors were: C1, C2, C3, D1 and D2 and none of the interactions 398 
were significant. Hence, the air content solely depends on the admixture mix and the cement 399 
type. The b0 value fitted by the model was 29 %, within the acceptable interval for commercial 400 
mortars (20-30%). However, it is still possible to decrease the air content slightly, to obtain an 401 
intermediate value for this property. Using EPS pw, the highest EPS content (60%), the mix with 402 
the lowest amount of admixtures and the cement with the highest amount of clinker (A1, B3, C3 403 
and D1) it is possible to reduce the air content to 21 ± 2 %. Applying sustainable criteria leads to 404 
mortars with the highest waste EPS content, the lowest amount of admixtures, and cement with 405 
the lowest clinker content. The combination A1, B3, C3 and D3 and also A2, B3, C3 and D3 406 
makes this possible, with predicted values of 26 ± 2 % and 28 ± 2 % respectively.  407 
3.3 Compressive and adhesive strength 408 
The compressive strength of control mortars with silica sand at 28 days curing time were 45.6 ± 409 
3.7 MPa, 43.9 ± 3.0 MPa and 44.6 ± 2.7 MPa for CEM I, CEM II and CEM III, respectively.  410 
Figure 4a shows the significant factors for compressive strength after 28 days curing time for 411 
mortars with silica sand were: A1, A2, B2, C1, C2, C3, D2 and D3. Hence, while all the factors 412 
influence this property, the levels B1, B3 and D1 were not significant. In addition, the significant 413 
interactions were: A-C (EPS type with admixture mix), B-D (EPS content with cement type) and 414 
C-D (admixture mix with cement type). The fitted b0 value for compressive strength was 6.6 415 
MPa (Table S6 in the SM). To increase the compressive strength, the combination A1, B1, C1 416 
and D2 is appropriate. The significant interactions for this combination are B1-D2 and C1-D2, 417 
and in both cases they increase the compressive strength. That involves working with EPS pw 418 
(A1), 40% EPS content (B1), an admixture mix 0.8A/0.1R/0.8S/6V (C1) and CEM II (D2). This 419 
combination increases by 5.0 MPa the b0 value, giving a value for compressive strength of 11.6 420 
± 1.1 MPa. Increasing the EPS content from B1 to B3 in the previous combination, gives a value 421 
for compressive strength of 11.7 ± 1.1 MPa, which is not significantly different to the mortar with 422 
the lowest amount of waste EPS. Both mortars can be classified as M10, with respect to the 423 
standard for masonry mortars EN 998-2 [31] and as CSIV following the EN 998-1 for rendering 424 
and plastering mortars [30]. Once again, by choosing the highest EPS content, the lowest 425 
amount of admixtures and lower clinker content (A1, B3, C3 and D3) it is possible to 426 
manufacture more sustainable mortars. The compressive strength in this case is 5.7 ± 1.1 MPa. 427 
This mortar can be classified as M5 with respect to the standard for masonry mortars [31] and 428 
CSIII regarding the standard for rendering and plastering mortars EN 998-1 [30].  429 
The model also shows that, when EPS gr (A2) is used, the compressive strength is reduced, 430 
although interactions also need to be considered. The combination of factors and levels A2, B1, 431 
C1 and D2, and since B1 and B3 are not significant levels, the combination A2, B3, C1 and D2, 432 
produce compressive strength values of 13.0 ± 1.1 MPa and 12.2 ± 1.1 MPa, respectively. 433 
These mortars are classified as M10 masonry mortars [31] and CSIV with respect to the 434 
rendering and plastering standard [30]. If an intermediate amount of waste EPS is used, namely 435 
50% (B2), the model predicts that the compressive strength decreases by 39.2 %, to 7.9 ± 436 
1.1MPa, compared to mortars containing 40% or 60% EPS. 437 
Manufacturing a sustainable mortar can be achieved using A2, B1, C2 and D2 (7.3 ± 1.1 MPa), 438 
A2, B1, C1 and D3 (7.0 ± 1.1 MPa) or A2, B3, C2 and D2 (6.8 ± 1.1 MPa). These values are not 439 
significantly different to the fitted b0 (6.6 MPa). These mortars are classified as CSIII, CSIV for 440 
rendering and plastering mortars [30] and M5 for masonry mortars [31]. The combination A2, 441 
B3, C3 and D3 gives a compressive strength of 0.9 ± 1.1 MPa, which is not suitable for any of 442 
the studied applications and illustrates those interactions which decrease the compressive 443 
strength.  444 
Control mortars made with crushed limestone sand had compressive strength values of 46.6 ± 445 
3.0 MPa, 42.6 ± 2.0 MPa and 50.0 ± 1.6 MPa, for CEM I, CEM II and CEM III, respectively. The 446 
significant factors were: A1, A2, C1, C3, D1 and D2, and none of the interactions were 447 
significant (Figure 4b). Thus, it can be concluded that the content of EPS does not determine 448 
the compressive strength. Comparing Figure 4b with Figure 4a, it is observed that the change in 449 
the levels in the mix of admixtures (C) and the type of cement (D), have a different effect on the 450 
compressive strength depending on the type of sand used. This was not observed for the fresh 451 
properties, workability and air content, and this shows that the mineralogy and particle size 452 
distribution of the two sand types strongly influence compressive strength. 453 
The fitted b0 value for the compressive strength of mortars made with crushed limestone sand 454 
was 7.4 MPa. To obtain the highest possible compressive strength for this type of mortars, the 455 
combination A1, B1, C3 and D1 should be chosen. Using 40% EPS pw, the admixtures 456 
0.3A/0.1R/0.4S/6V and CEM I will give a value of 11.4 ± 1.0 MPa, which is an increase of 4 457 
MPa above the b0 value. It is possible to work with a higher content of EPS without decreasing 458 
the compressive strength, since the EPS content had no significant effect at any of the levels. A 459 
possible combination to achieve this it is A1, B3, C3 and D1 (11.3 ± 1.0 MPa). If obtaining a 460 
mortar with the lowest amount of admixtures and clinker is prioritised, the combination giving 461 
the highest compressive strength values would be A1, B2, C3 and D3 (50% EPS pw, 462 
0.3A/0.1R/0.4S/6V and CEM III), providing a value of 10.4 ± 1.0 MPa. Since the EPS content is 463 
not significant (B), using different EPS contents leads to similar compressive strength values. 464 
For A1, B1, C3 and D3 the model predicts a value of 10.2 ± 1.0 MPa and for A1, B3, C3 and D3 465 
the value is 10.2 ± 1.0 MPa. All the above mentioned mortars can be classified as CSIV 466 
rendering and plastering mortars [30] and M10 masonry mortars [31]. 467 
It is important to highlight that mortars made with crushed limestone sand can achieve the same 468 
strength as those made with silica sand. However, when using limestone, it is possible to make 469 
mortars using the lowest admixture (C3) and the lowest clinker content (D3). Therefore, the 470 
influence of sand type on the compressive strength is shown again. Further, the negative effect 471 
of ground EPS on this property is reflected in combinations of factors and levels when the EPS 472 
type changes. For example, A1, B1, C3 and D1 gives a compressive strength of 11.4 ± 1.0 MPa 473 
and A2, B1, C3 and D1 gives 8.1 ± 1.0 MPa, which is a reduction of 29%. Mortars made with 474 
waste ground EPS can be classified as CSIV for rendering and plastering applications [30] and 475 
M5 for masonry applications [31]. 476 
An important property for mortar durability is the adhesive strength. Control mortars made with 477 
silica sand had values of 0.50 ± 0.22 MPa, 0.44 ± 0.04 MPa and 0.50 ± 0.08 MPa for CEM I, 478 
CEM II and CEM III, respectively. Figure 4c shows that C1 and D3 were the only factors which 479 
significantly impact the adhesive strength of mortars made with silica sand. However, significant 480 
interactions were: B-D (EPS content with cement type) and C-D (admixture mix with cement 481 
type). Consequently, the only factor that did not influence the adhesive strength is EPS type (A). 482 
In addition, working with CEM III (D3) reduced the adhesive strength. Hence, to avoid reducing 483 
the adhesive strength this cement type should not be used. Furthermore, the negative 484 
interaction C1-D3 (0.8A/0.1R/0.4S/6V and CEM III) also decreases the adhesive strength by 485 
0.12 MPa. In addition, predicted negative interactions when 50% EPS and CEM II are used at 486 
the same time (B2-D2), and between the mix of admixtures 0.3A/0.1R/0.4S/6V and CEM I (C3-487 
D1) have a similar effect. These interactions decrease the adhesive strength by 0.08 MPa (B2-488 
D2) and 0.10 MPa (C3-D1). Only the significant interaction C1-D1 increases this property. For 489 
example, the combination A2, B1, C1 and D1 (40% EPS gr, 0.8A/0.1R/0.8S/6V for the mix 490 
admixtures and CEMI) provides a value of 0.71 ± 0.10 MPa, an increase of 42% with respect to 491 
the fitted b0, 0.50MPa. A very similar value (0.72 ± 0.10 MPa) is obtained with the combination 492 
A2, B3, C1 and D1. This allows manufacture of mortars with suitable values for adhesive 493 
strength but containing the highest amount of EPS. However, it is not possible to significantly 494 
increase the adhesive strength if lower amounts of admixtures or cements with low clinker 495 
content are used. That is the case for the combinations: A2, B1, C1 and D2 (0.66 ± 0.1 MPa); 496 
A2, B3, C1 and D2 (0.65 ± 0.1 MPa); or A2, B3, C3 and D2 (0.63 ±0.10 MPa).  497 
The highest adhesive strength values are obtained using a high amount of admixtures (C1) and 498 
cement with a high clinker content (D1). Under these conditions, the EPS type (A1 or A2) can 499 
be altered or the highest EPS content used (B3), without reducing the adhesive strength. More 500 
sustainable mortars, with a lower amount of admixtures (C3) or cement with lower clinker 501 
content (D2), have lower adhesive strength. Cements with the lowest amount of clinker (D3) 502 
reduce the adhesive strength. As an example, combinations A2, B1, C1 and D3 or A2, B3, C3 503 
and D3 give values of 0.45 ±0.10 MPa and 0.44 ±0.10 MPa, respectively.  504 
Masonry mortars require an adhesive strength > 0.15 MPa [31], while plastering and rendering 505 
mortars require a minimum adhesive strength of 0.30 MPa [30]. Hence, it is possible to make 506 
sustainable mortars with a high EPS content and cements with minimum clinker content, which 507 
satisfy the relevant standards.  508 
The fitted equation was not significant for mortars made with crushed limestone sand (p-value = 509 
0.476 >0.05). For this reason, the factors and interactions are not discussed further for these 510 
mortars. 511 
3.4 Bulk density and capillary absorption 512 
Comparing Figures 4a and 4b, with Figures 5a and 5b, it is observed that the tendencies 513 
between compressive strength and bulk density are the same for both types of sand, since the 514 
same significant factors apply. This is consistent with the similar physicochemical properties of 515 
these materials, and this confirms the validity of the fitted design chosen in this research.  516 
Figure 5a shows the factors and interactions for the bulk density of mortars made with standard 517 
silica sand at 28 days curing time. The values for the bulk density of control mortars with silica 518 
sand at 28 days curing time were 2090 ± 100 kg/ m3, 2070 ± 300 kg/m3 and 2050 kg/m3, for 519 
CEM I, CEM II and CEM III, respectively. All the factors are significant, except for B3 (60% EPS 520 
content). The significant interactions were between EPS type and the mix of admixtures (A-C), 521 
the EPS content and the cement type (B-D) and between the admixture mix with the highest 522 
amount of admixtures and CEM III (C1-D3). The maximum bulk density of lightweight rendering 523 
and plastering mortars specified by standard EN 998-1 is 1300 Kg/m3 [30]. As the fitted b0 value 524 
calculated by the model is 1300 kg/m3, to obtain lightweight mortars, factors at levels with a 525 
negative coefficient should be chosen, together with interactions that do not increase the bulk 526 
density. Sustainable mortars can be made with A2 (EPS gr), B2 or B3 (50% or 60% EPS), C3 527 
(0.3A/0.1R/0.4S/6V) and D3 (CEM III). These combinations have bulk density of 1100 ± 100 528 
kg/m3, a decrease of 200 kg/m3 compared with b0. Conversely, to manufacture mortars with 529 
higher bulk density and therefore higher compressive strength, the combinations A1, B1, C1 530 
and D2 (1550 ± 100 kg/m3) and A2, B1, C1 and D2 (1590 ± 100 kg/m3) are appropriate. This 531 
involves decreasing the EPS content and increasing the admixtures and clinker content of the 532 
mortars.  533 
Control mortars made with crushed limestone sand had a bulk density at 28 days curing time of 534 
2040 ± 200 kg/m3, 2020 ± 100 kg/m3 and 2020 ± 100 kg/m3, for CEM I, CEM II and CEM III, 535 
respectively. Figure 5b shows the significant factors and interactions for the bulk density at 28 536 
days curing time for mortars containing EPS and crushed limestone sand. These were: A1, A2, 537 
C1, C3, D1 and D2. In this case, the EPS content has not influenced this property. The 538 
significant interactions were: A-C (EPS type with admixture mix) and C-D (admixture mix with 539 
cement type). The combinations A2, B2, C1 and D2 or A2, B3, C3 and D2 provide bulk density 540 
values of 1200 ± 100 kg/m3 and 1300 ± 100 kg/m3 respectively. Thus, both give important 541 
reductions in bulk density relative to the fitted b0 value of 1400 kg/m
3. To manufacture the most 542 
sustainable mortar, the combination of factors and levels A2, B3, C3 and D3 should be chosen. 543 
This gives a predicted bulk density value of 1400 ± 100 kg/m3, which is not a lightweight mortar 544 
according to the standard for rendering and plastering applications [30]. However, by increasing 545 
the amount of admixtures (A2, B3, C1 and D3) a value of 1200 ± 100 kg/m3 is obtained, which 546 
can be considered a lightweight mortar. 547 
The last property studied was the capillary water absorption, which was included to assess 548 
mortar durability. According to the standard for rendering and plastering applications, mortars 549 
can be classified as W1 (C90 < 0.40 kg/m
2·min0.5) or W2 (C90 <0.20 kg/m
2·min0.5) depending on 550 
their capillary water absorption coefficient [30]. The C90 values for control mortars made with 551 
silica sand were 0.18 ± 0.01 kg/m2·min0.5, 0.18 ± 0.01 kg/m2·min0.5 and 0.12 ± 0.01 kg/m2·min0.5, 552 
for CEM I, CEM II and CEM III, respectively. Hence, all of these control mortars satisfy the 553 
desired values for the target applications. However, the EPS tended to decreases C90, 554 
enhancing the durability of these mortars.  555 
Figure 5c shows that the significant effects for the capillary water absorption coefficient of 556 
mortars made with standard silica sand were: A1, A2, C1, C2, C3, D1 and D2. Therefore, all the 557 
factors except those related with the EPS content (B), have a significant influence on this 558 
property. The significant interactions were: A-C (EPS type with mix of admixtures) and A-D 559 
(EPS type with cement type). This highlights the influence of EPS type on the properties of the 560 
hydrated cement paste and consequently the capillary absorption [12, 13]. It is useful to know 561 
the combination of levels and factor which minimize this capillary water absorption, as the 562 
standard EN 998-1 [30] requires values lower than 0.40 kg/m2·min0.5 for mortars classified as 563 
W1 and 0.20 kg/m
2·min0.5 for those classified as W2. The combination A2, B1, C1 and D1 gives a 564 
C90 value of 0.14 ± 0.07 kg/m
2·min0.5. However, this value is similar to the fitted b0 value of 0.16 565 
kg/m2·min0.5, since positive interactions increase the C90 value, particularly A2-C1 and A2-D1. 566 
Combinations of factors which produce sustainable mortars, containing either high EPS content 567 
or cement with lower clinker content are A2, B3, C1 and D1 and A2, B3, C1 and D3 568 
respectively. Both mortars have C90 values of 0.06 ± 0.07 kg/m
2·min0.5. These mortars are 569 
classified as W2 [30]. 570 
Other combinations, such as A1, B3, C1 and D3, allow classification of these mortars as W2 571 
according to the standards [30], guaranteeing the durability, as it gives a C90 value of 0.11 ±0.07 572 
kg/m2·min0.5. The lowest C90 value, 0.01 ±0.07 kg/m
2·min0.5, involves working with the lowest 573 
content of EPS pw and the highest amount of admixtures and clinker content, namely A1, B1, 574 
C1 and D1.  575 
Comparing Figure 5c with Figure 5d, it can be concluded that the sand type does not change 576 
the influence of EPS type and cement type on the capillary water absorption. However, the 577 
influence of the mix of admixtures depends on the mineralogy of the sand used. 578 
Control mortars made with crushed limestone sand had C90 values of 0.45 ± 0.08 kg/m
2·min0.5, 579 
0.35 ± 0.06 kg/m2·min0.5 and 0.38 ± 0.05 kg/m2·min0.5 for CEM I, CEM II and CEM III, 580 
respectively. These values are higher than those obtained with silica sand. Therefore, it was 581 
necessary to prove if the EPS particles lowered the C90 value. The significant factors for 582 
capillary water absorption coefficient C90 for mortars made with crushed limestone were: A1, A2, 583 
B3, C1, C3, D1, D2 and D3 (Figure 5d). The significant interactions were: A-C (EPS type with 584 
mix of admixtures), A-D (EPS type with cement type), B-D (EPS content with cement type) and 585 
C-D (admixture mix with cement type). Considering that the fitted b0 value was 0.08 kg/m
2·min0.5 586 
and looking for the highest reduction in the C90 coefficient, it is possible to obtain a value for C90 587 
of 0.04 ± 0.02 kg/m2·min0.5 using the combination of factors and levels A2, B2, C3 and D3. The 588 
existence of significant negative interactions means values for C90 of 0.02 ± 0.02 kg/m
2·min0.5 589 
and 0.04± 0.02 kg/m2·min0.5 can be achieved using the combinations A1, B1, C3, D3 and A1, 590 
B3, C3, D3, respectively. All the mortars manufactured with crushed limestone sand can be 591 
classified as W2 according to the standard for rendering and plastering [30].  592 
4. Conclusions 593 
This study used ad-hoc designs based on the d-optimal criterion to supply a comprehensive 594 
mathematical model for the effect of the levels of factors on the properties of lightweight 595 
sustainable mortars containing waste EPS. Four factors were studied at several levels: EPS 596 
type (A), EPS content (B), admixture mix (C) and cement type (D). The influence in the 597 
properties of two types of aggregates was also reported. The following are the key conclusions: 598 
1) For mortars made with silica sand, the combination of factors A1B3C3D1 gave the lowest 599 
value for flow table spread, of up to 157.3 ± 4 mm. Workability was increased by up to 30% 600 
using 40% EPS gr (A2B1), the admixture mix 0.8A/0.1R/0.8F/6V (C1) and either CEM II (D2) 601 
or CEM III (D3). However, workability was just increased by 20% if EPS pw instead of EPS 602 
gr was used for this composition. This shows that geometry and EPS particle size had a 603 
clear influence on the workability of waste EPS mortars. Significant interactions on the 604 
workability of mortars made with silica sand were B-C, EPS content and the mix of 605 
admixtures, and C-D, the mix of admixtures and cement type. When 50% EPS content was 606 
used, workability was reduced by 4.2 mm for the mix 0.4A/0.1R/0.5F/6V, although it was 607 
increased by 4.7 mm if the mix with the lowest additives content, 0.3A/0.1R/0.4F/6V was 608 
used. In addition, using the lowest content of additives with CEM II increased the workability 609 
by 3.5 mm but the use of CEM III reduced it by 4.8 mm. Interactions, such as these, that 610 
decrease workability should be avoided. The way that the main factors affect the workability 611 
was independent of the type of sand used. When limestone sand was used, significant 612 
interactions were observed between the type of EPS and the EPS content (A-B), EPS type 613 
and cement type (A-D), and admixture mix and cement type (C-D). One of the most 614 
significant was obtained when the highest amount of additives was used (C1). In that case, 615 
the use of CEM I increased workability by 11.4 mm, but the use of CEM II or CEM III 616 
reduced it by 7.3 and 4.1 mm respectively, highlighting the influence of the cement type on 617 
this property.  618 
 619 
2) For mortars made with silica sand, both types of waste EPS could be increased from 40% to 620 
60% without significantly decreasing the compressive strength. To achieve this, the mix of 621 
admixtures 0.8A/0.1R/0.8S/6V and CEM II was needed. Mortars made with EPS pw and gr 622 
had a maximum compressive strength of 11.7 ± 1.1 MPa and 13.0 ± 1.1 MPa, respectively. 623 
These mortars are classified as M10 and CSIV according to the relevant standards. The use 624 
of 50% EPS decreased the compressive strength by 35.7% for EPS pw and 39.2% for EPS 625 
gr, compared to mortars containing 40% or 60% EPS. This is reflected by the negative 626 
coefficients given by the model for 50% EPS content. While sustainable mortars can be 627 
manufactured with both types of EPS. EPS pw allows the highest EPS content (60%), lowest 628 
admixture content (0.3A/0.1R/0.4S/6V) and the cement with higher clinker content (CEM III) 629 
to be used. This composition gave a compressive strength of 5.7 ± 1.1 MPa, classified as M5 630 
and CSIII. Mortars made with limestone sand can achieve the same strength as those made 631 
with silica sand. However, when using limestone sand, it was possible to manufacture 632 
sustainable mortars made with high EPS content (B3), low amount of admixtures (C3) and 633 
cement with low clinker content (D3). These mortars are classified as CSIV and M5, which 634 
compressive strength values ≥ 6 N / mm2.  635 
 636 
3) The capillary water absorption coefficient (C90) of mortars containing silica sand was 637 
significantly impacted by all factors, except those relating to EPS content; in addition, the 638 
interaction between EPS type and admixture mix (A-C), and between type of EPS and 639 
cement (A-D) had significant impacts on this property. This revels the influence of the type of 640 
EPS on C90. When CEM III was used, the use of EPS gr instead of EPS pw decreased C90 641 
by 45% for the mix with the highest EPS content (B3) and the mix of admixtures C1 642 
(0.8A/0.1R/0.8S/6V). For mortars containing crushed limestone sand all factors were 643 
significant as well as most of the interactions, which proves the influence of sand type on this 644 
property. Both types of sand allowed production of sustainable mortars, containing either 645 
high EPS content or cement with lower clinker content. Moreover, all mortars made with 646 
limestone sand are classified as W2 according to the standard EN 998-1, i.e. they have C90 647 
values ≤ 0.20 kg/m2·min0.5.  648 
 649 
4) The chosen fitted design was significant for all the studied properties except for the adhesive 650 
strength of mortars containing limestone sand. Ad-hoc designs allow both the simultaneous 651 
effect of individual factors and synergic effects, resulting from interactions between factors, 652 
to be evaluated. Hence, it is possible to mathematically model the effect of the chosen 653 
factors on the studied properties to design sustainable bespoke mortars containing waste 654 
EPS for masonry, rendering and plastering applications. Environmentally sustainable cement 655 
mortars which satisfy EU standards were manufactured containing up to 60% EPS, low 656 
amounts of admixtures, cement with low clinker content and both sand types. These mortars 657 
gave values for the spread in the flow table between 168 and 180 ± 4 mm, bulk density 658 
between 1280 and 1110 ± 100 kg/m3, and C90 between 0.279 and 0.025 ± 0.07 kg/m
2·min0.5, 659 
when they were made with silica sand. Hence, these mortars have appropriate properties to 660 
be used commercially. 661 
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Table 1 Chemical composition for the cement types used to manufacture the mortars, 
expressed as major oxides determined by X-Ray fluorescence microscopy (XRF)  
% CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O TiO2 P2O5 MnO 
CEM I 62.05 17.95 4.25 3.21 3.67 2.98 0.78 0.31 0.24 - - 
CEM II/A-S 58.06 20.32 4.56 3.77 3.66 3.06 0.71 0.91 0.40 0.14 0.11 
CEM III/A 53.28 23.73 6.33 2.84 3.45 4.42 0.53 0.63 0.40 0.17 0.23 
 
  
Table
Table 2 Factors and levels chosen for the proposal experimental design 
Factor Number of Levels Levels 
EPS type 2 
A1 
EPS powdered 
(EPS pw) 
A2 
EPS ground  
(EPS gr) 
EPS addition content 3 
B1 40 
B2 50 
B3 60 
Admixture mix 3 
C1 0.8A/0.1R/0.8S/6V 
C2 0.4A/0.1R/0.5S/6V 
C3 0.3A/0.1R/0.4S/6V 
Cement type 3 
D1 CEM I 
D2 CEM II 
D3 CEM III 
 
 
  
Table 3 Experimental plan  
Nº experience EPS type EPS content (v/v%) Admixtures mix (w/w%) Cement type 
1 EPS pw 40 0.8A/0.1R/0.8S/6V CEM I 
2 EPS gr 40 0.8A/0.1R/0.8S/6V CEM I 
4 EPS gr 50 0.8A/0.1R/0.8S/6V CEM I 
5 EPS pw 60 0.8A/0.1R/0.8S/6V CEM I 
6 EPS gr 60 0.8A/0.1R/0.8S/6V CEM I 
8 EPS gr 40 0.4A/0.1R/0.5S/6V CEM I 
9 EPS pw 50 0.4A/0.1R/0.5S/6V CEM I 
10 EPS gr 50 0.4A/0.1R/0.5S/6V CEM I 
11 EPS pw 60 0.4A/0.1R/0.5S/6V CEM I 
13 EPS pw 40 0.3A/0.1R/0.4S/6V CEM I 
15 EPS pw 50 0.3A/0.1R/0.4S/6V CEM I 
16 EPS gr 50 0.3A/0.1R/0.4S/6V CEM I 
18 EPS gr 60 0.3A/0.1R/0.4S/6V CEM I 
20 EPS gr 40 0.8A/0.1R/0.8S/6V CEM II 
21 EPS pw 50 0.8A/0.1R/0.8S/6V CEM II 
22 EPS gr 50 0.8A/0.1R/0.8S/6V CEM II 
23 EPS pw 60 0.8A/0.1R/0.8S/6V CEM II 
25 EPS pw 40 0.4A/0.1R/0.5S/6V CEM II 
28 EPS gr 50 0.4A/0.1R/0.5S/6V CEM II 
29 EPS pw 60 0.4A/0.1R/0.5S/6V CEM II 
30 EPS gr 60 0.4A/0.1R/0.5S/6V CEM II 
31 EPS pw 40 0.3A/0.1R/0.4S/6V CEM II 
32 EPS gr 40 0.3A/0.1R/0.4S/6V CEM II 
33 EPS pw 50 0.3A/0.1R/0.4S/6V CEM II 
36 EPS gr 60 0.3A/0.1R/0.4S/6V CEM II 
37 EPS pw 40 0.8A/0.1R/0.8S/6V CEM III 
39 EPS pw 50 0.8A/0.1R/0.8S/6V CEM III 
40 EPS gr 50 0.8A/0.1R/0.8S/6V CEM III 
42 EPS gr 60 0.8A/0.1R/0.8S/6V CEM III 
43 EPS pw 40 0.4A/0.1R/0.5S/6V CEM III 
44 EPS gr 40 0.4A/0.1R/0.5S/6V CEM III 
45 EPS pw 50 0.4A/0.1R/0.5S/6V CEM III 
48 EPS gr 60 0.4A/0.1R/0.5S/6V CEM III 
50 EPS gr 40 0.3A/0.1R/0.4S/6V CEM III 
52 EPS gr 50 0.3A/0.1R/0.4S/6V CEM III 
53 EPS pw 60 0.3A/0.1R/0.4S/6V CEM III 
Note: EPS in addition of sand, additives in addition of binder 
A = air-entraining agent (BASF Rheomix 934) 
R = water retaining additive (Hydroxypropyl methylcellulose TER CELL HPMC 15 MS PF) 
S = superplastizicer (BASF Rheomix GT 205 MA) 
V = dispersible polymer (VINNAPAS 5028E) 
  
Table 4 p-value, standard deviation (Syx) and coefficient of determination (R
2
), obtained by the model for workability, air content, compressive strength, 
adhesive strength , bulk density and capillary absorption coefficient (C90) for mortars made with silica sand and limestone sand 
 Workability Air content Compressive Strength Adhesive Strength Bulk density C90 
 Silica Limestone Silica Limestone Silica Limestone Silica Limestone Silica Limestone Silica Limestone 
p-
value 
1.35·10
-3
 <1.00·10
-4
 5.68·10
-3
 6.51·10
-4
 1.73·10
-3
 1.40·10
-2
 0.10 0.48 4.01·10
-3
 2.56·10
-4
 4.93·10
-3
 8.51·10
-4
 
Syx 4.0 mm 4.0 mm 2.0% 1.5% 1.1 MPa 1.0 MPa 
0.10 
MPa 
0.13 MPa 
100 
kg/m
3
 
100 kg/m
3
 
0.07 
Kg/m
2
·min
0.5
 
0.02 
Kg/m
2
·min
0.5
 
R2 0.968 0.988 0.925 0.955 0.944 0.908 0.844 0.729 0.932 0.963 0.928 0.952 
 
 
 Figure 1 Grain size for the sand used to manufacture the mortars, determined according EN 1015-
1:1999 
  
Figures
 Figure 2a Mortar containing waste powdered EPS (EPS pw), the arrows indicate where the EPS 
particles are located 
 
 
Figure 2b Mortar containing waste ground EPS (EPS gr), the arrows indicate where the EPS particles 
and the cement paste-EPS interface are located 
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Figure 3 Graphic analysis of the effects of the studied experimental factors on the response for 
workability and air content for mortars made with silica sand and limestone sand. Light orange bars 
are for significant coefficients (5% significant level); dark blue bars are for the non-significant ones 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article) 
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Figure 4 Graphic analysis of the effects of the studied experimental factors on the response for 
compressive strength (28 days curing time) and adhesive strength for mortars made with silica sand 
and limestone sand. Light orange bars are for significant coefficients (5% significant level); dark blue 
bars are for the non-significant ones (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article) 
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Figure 5 Graphic analysis of the effects of the studied experimental factors on the response for bulk 
density (28 days curing time) and the capillary absorption coefficient for mortars made with silica sand 
and limestone sand. Light orange bars are for significant coefficients (5% significant level); dark blue 
bars are for the non-significant ones (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article) 
